Temperate forests have been fundamentally altered by land use and other stressors globally; these have reduced the abundance of primary and old-growth forests in particular. Despite many regional studies, the literature lacks a global synthesis of temperate old-growth structural characteristics. In this study we compare literature derived data on mature and old-growth moist temperate forests with the aim of: (i) exploring global commonalities; (ii) investigating sources of variability among systems; and (iii) highlighting data gaps and research needs. We compiled a dataset of 147 records from 93 papers, and analyzed a set of structural indicators: basal area, stem density, large living trees, live aboveground biomass, quadratic mean diameter, and coarse woody debris volume. These indicators were contrasted between mature and old-growth age classes at a global level and across continents and broad forest types, testing for significance through Monte-Carlo permutation procedure. We also related structural indicators to age, climatic and geographical descriptors. Our results suggest that all structural indicators vary across systems in relation to geographical, compositional, and climatic influences. However oldgrowth forests showed global commonalities in structure when compared to mature forests: significantly higher densities of large living trees, higher quadratic mean diameter, and higher amounts of live aboveground biomass and coarse woody debris. Furthermore we found inconsistency in the structural variables reported by different papers; lack of studies on temperate forests in Russia, and Western and Central Asia. The findings improve our understanding of old-growth structure and function, and will help inform sustainable forest management and conservation approaches world-wide.
Introduction
Temperate forests are generally more altered and reduced in extent globally than other forested biomes (Silander, 2001) due to their distribution at mid-latitudes with moderate climates, which are also some of the most heavily populated and developed regions of the world. About 35% of the world forests are considered primary (i.e. never cleared though subject to natural disturbances) but these mostly occur in tropical and boreal zones (FAO, 2010) ; according to one estimate less than 1% of the northern hemisphere's temperate broad-leaved forests remain in a primary condition (Silander, 2001) .
Landscapes dominated by primary forests are comprised of complex patch mosaics and host a full range of stand development stages, from disturbance and cohort establishment to old-growth (Franklin et al., 2002) . The latter is a late stage of stand development that typically does not occur or is rare in managed forest systems, and has been defined by many authors based on a combination of structural features, age, and sometimes human disturbance history ). The 'structural' approach, first developed through studies performed in the Pacific Northwest (Spies and Franklin, 1991) , is useful because it can both be a good proxy of ecosystem function and is a readily measured surrogate for habitat of many taxa difficult to sample (Franklin et al., 2002; Burrascano et al., 2011) .
Structural indicators, often combined with ecological and compositional information, have been proposed for temperate forests in North America (Franklin et al., 1981; Keddy and Drummond, 1996) , Europe (Peterken, 1996; Nilsson et al., 2002) , South America (Gutierrez et al., 2004) and China (Chen and Bradshaw, 1999) . Nevertheless old-growth forests may display strong variation in their structure in different forest types (e.g. Jones, 1945; Burgman, 1996; Wells et al., 1998) .
Such variation derives from the fact that the old-growth condition should be defined not only on the basis of a set of structures providing desired functions, such as habitat for late-successional biodiversity, but also of the developmental processes that produce those structures. However the lack of a global theoretical framework of temperate forest development has hindered broad application of a widely accepted process-based approach. Previous research on forest dynamics suggests considerable uncertainty in segmenting stand structural development, because many developmental processes operate continuously or episodically, often rendering discretely defined stages arbitrary (Franklin et al., 2002; Spies, 2004) . Moreover, stand development may undergo several different pathways in relation to disturbance regimes and environmental controls (Donato et al., 2012) . Furthermore, the age threshold to define developmental stages will differ by forest type and geographic region due to differences in stand development rates, tree longevity, disturbance regime and other factors related to these, such as climate and site conditions (Franklin et al., 1987; Motta et al., 2010) . Recognizing these limitations, our review compares ''mature'' stands with stands classified as ''old-growth''. These largely age-based classes, commonly reported in the literature, are employed as surrogates for the developmental processes described in Franklin et al. (2002) and other models (e.g. Oliver and Larson, 1990) . They generally correspond with the ''maturation'' (i.e. mature) and ''vertical/horizontal diversifica-tion and pioneer cohort loss'' (i.e. old-growth) stages proposed by Franklin et al. (2002) .
We focus on late-successional stands since most temperate forests are either managed for wood production or reflect the longterm influence of human activities. As a consequence, old-growth forest structural features are underrepresented in most contemporary landscapes Rhemtulla et al., 2009 ) and biodiversity provisioning and other functions associated with them are frequently impaired (Siitonen, 2001; Hatanaka et al., 2011) . Though some extended rotation systems may approximate oldgrowth structural conditions (Keeton, 2006; Bauhus et al., 2009 ), most silvicultural regimes narrow the range of possible developmental processes as well as the type and spatial distribution of structures, since they do not allow the stands to develop past the maturation phase or they selectively remove certain structures, like large or dead trees (Hunter, 1999) .
Our prediction was that moist temperate forests globally will share distinct differences when comparing mature to old-growth conditions, because stand structural heterogeneity (vertical and horizontal) is presumed to increase as late-successional stands develop. For example, coming out of the maturation phase a marked increase in coarse woody debris (CWD) volumes can occur (Harmon et al., 1986) , and re-establishment of shade-tolerant trees in the understory initiates redevelopment of stand vertical complexity (Keeton and Franklin, 2005) ; while horizontal heterogeneity is primarily created by the shift from density-dependent to density-independent mortality (Franklin et al., 2002) . These processes drive development of many structural characteristics associated with old-growth. Our review evaluates indirectly through a focus on structural indicators -whether these are universally operative or whether there is significant variation among systems.
Comparison between mature and old-growth forests allows identification of structures that could be promoted silviculturally in managed stands. There are a number of reasons why managers might be interested in this objective. For example, old-growth forests are known to host high plant (Aude and Lawesson, 1998; Burrascano et al., 2009) , fungi (Odor et al., 2006; Persiani et al., 2010) and animal diversity (Mikusinski and Angelstam, 1998; McKenny et al., 2006; Winter and Moller, 2008) . Recent studies have also shown the importance of old-growth forests in storing high quantities of carbon both as aboveground biomass (Keith et al., 2009; Keeton et al., 2010) and in soils (Zhou et al., 2006) and their ability, in some cases, to maintain positive Net Primary Productivity very late into stand development (Field and Kaduk, 2004; Luyssaert et al., 2008; Xu et al., 2012) .
Based on the services they provide, old-growth forests represent an important reference point for evaluating human impacts on forest ecosystems, and for understanding forest development processes through observation of the temporal and spatial interactions between successional processes, disturbance events, and tree mortality (Peterken, 1996; Keeton, 2006; Rhemtulla et al., 2009; Hoover et al., 2012) . Studying old-growth forests has long been considered the basis for developing natural disturbance-based (North and Keeton, 2008) , 'close-to-nature' (Commarmot et al., 2005; Heiri et al., 2009 ) or 'natural dynamics' (von Oheimb et al., 2005 silvicultural systems able to emulate natural processes and fulfill socio-economic goals while maintaining a full range of Table 1 Structural data and site descriptors of the stands included in the review. Age class: M -mature, OG -Old-growth. Forest types: C -conifer, DB -deciduous broadleaf, EB -evergreen broadleaf, C/DB -mixed conifer/deciduous broadleaf, EB/C -mixed evergreen broadleaf/conifer. Age values marked with asterisks represent time since last disturbance and were excluded from the analysis. LLT data marked with were approximated from stand diameter distributions, Live Aboveground Biomass values marked with à refer to stem biomass only. An asterisk (Ã) before the reference indicates that we averaged multiple stands data in a single record.
Continent
Region Rebertus and Veblen (1993) late-successional ecosystem services (Franklin et al., 2002; Bauhus et al., 2009 ). However, the direct contributions from the study of old-growth forests to sustainable silvicultural systems has been partially hampered by context-dependent results from studies focused on individual forest types and by the scarcity of late-successional forest remnants for many forest types (Oliver and Larson, 1990; Brang, 2005) . Even if the interest in old-growth forests arose long ago (Jones, 1945) and these systems have been studied in many temperate regions of the world, only recently have researchers begun to work on assessments of old-growth ecosystem structure and functions at the global scale (Luyssaert et al., 2008; Keith et al., 2009 ). Yet there is still much to learn from old-growth forest remnants. In particular, identifying the degree to which structural characteristics co-vary among temperate old-growth forests would provide an indication of how a range of ecosystem services could respond to choices societies make about how to manage or conserve forests in the temperate zone. With old-growth forests rapidly disappearing and under pressure in many regions (e.g. Gutierrez et al., 2009; Knorn et al., in press) , there is a compelling need to aggregate available information on old-growth structure. In this study we review the existing literature reporting data on structural attributes of moist temperate old-growth forests with a special focus on their distinctive features when compared to mature forests. Our research objectives are to (i) identify shared attributes among oldgrowth stands across different continents and forest types, (ii) investigate variability among these, and (iii) explore gaps in the data globally in order to inform future research.
Methods

Literature search
We assembled a dataset from a literature search performed in December 2011, in which we looked for studies reporting the structural attributes of old-growth temperate forests. Studies comparing data between old-growth and mature forest sites were particularly valued. Relevant publications were identified by searching the online database of Web of Science using the following search words: 'old-growth and structur Ã AND (volume or biomass)'. An additional search for data on mature sites was performed for those continents (Asia, Australia and South America) where age comparison studies were scarce. For these we used the additional search words: '(mature OR managed) AND forest Ã AND structur Ã '.
The initial search was then further refined within the ISI website. We retained a paper in the dataset when it was associated with one or more categories of interest. These included subject area (forestry, ecology, environmental sciences, plant sciences, biodiversity conservation), and document type (article, proceeding paper, review). We considered only data published in English language and peer reviewed journals. We included data from any sites defined in their respective papers as 'temperate'. Where no direct reference to biome occurred we followed the geographic boundaries reported for the temperate forest biomes (Olson et al., 2001) . We focused only on moist temperate forests, i.e. those systems where climate seasonal variation is determined more by temperature than by precipitation. The search did not include forests prone to high to moderate frequency ground-fire in regions with low precipitation during the growing season due to fundamentally different structural development processes in these systems. The Web of Science search missed several papers reporting data on old-growth forests because terms other than 'old-growth' were used in the title and abstract. Terms like 'virgin', 'ancient', 'primeval', 'near-natural', and 'untouched' were often used interchangeably with the concept of 'old-growth', sometimes without clear distinction of whether the reference was to an old-growth condition or a primary (never cleared) forest. Therefore to achieve a comprehensive dataset, we added studies cited in other papers included in our dataset, or based on the authors' knowledge of the field, or suggested by the reviewers. Each paper was checked to confirm that data were reported for late-successional/old-growth stands, rather than early to mid-successional (natural disturbance originated) stands existing within a primary forest matrix.
This process produced a robust dataset that, nevertheless, is not meant to be a full representation of all papers ever published on this topic. Indeed, during the selection process we evaluated the return in terms of information provided by each additional paper, taking into account regional gaps, and discontinued the research when there was sufficient representation of major forest types for each region.
Data extraction
The full set of papers identified by our search was filtered to remove those not reporting values for biometrics of direct relevance to our analysis. We excluded those papers not reporting at least three of the stand structural or compositional variables included in a preliminary list comprising: basal area, stem density, large living tree density, live aboveground biomass, mean stand and quadratic mean diameter, volumes of different components of coarse woody debris, canopy height and closure, gap metrics, vertical heterogeneity indices, and tree species richness. Furthermore, in cases where more than one paper reported data for the same site(s), we selected the study reporting the largest number of variables. Since several papers reported data from numerous different stands, these structural data were averaged only if those stands were similar in terms of geographic location, canopy composition and age classes.
The final dataset consisted of 147 records derived from 93 papers (Table 1) describing late-successional/old-growth temperate forests from many different regions and forest types around the world, all continents having temperate zones were represented (Fig. 1) . Each record was classified in terms of age class and broad forest type.
Age classes (e.g. mature vs. old-growth) were assigned as reported in the original paper, and not from the analysis of age or structural attributes. The criteria employed in the original papers resulted in wide age ranges, both for mature and old-growth age classes, accounting for intrinsic variability across regions and forest types. In two cases (Wijdeven, 2004; Merino et al., 2007) stands described as near-natural were included in the old-growth group. A stand attributed to the 'degradation phase' was included in the old-growth group (Marage and Lemperiere, 2005) while stands attributed to the 'optimal' and 'decay' stages were included respectively in the mature and old-growth group (Akhavan et al., 2012; Heiri et al., 2009) . In few comparative studies, stands defined by authors as 'secondary' or 'second growth' (Aiba et al., 2001; Fisk et al., 2002) or in 'biostatic phase' (Marage and Lemperiere, 2005) , were classified in our analysis as 'mature'.
On the basis of the main traits of dominant species we defined five broad forest types: C -conifers; C/DB -mixed conifer/deciduous broadleaf; DB -deciduous broadleaf; EB -evergreen broadleaf; and EB/C mixed evergreen broadleaf/conifer. Since very few examples of mixed evergreen/deciduous broadleaf forests occurred in our dataset (see Pollmann and Veblen, 2004; Salas and Garcia, 2006) , these stands were included either in the EB or DB type according to the dominant species. In the final table, we maintained only those structural variables reported for at least 25% of the records. These were: basal area, stem density, large living tree density (LLT -i.e. trees with DBH > 50 cm per hectare), live aboveground biomass (LAB), quadratic mean diameter (QMD) and coarse woody debris volume (CWD).
Inevitably structural attributes were derived from field measurements that followed different sampling designs. Only in a minority of papers, plots were randomly or systematically located. Most of the studies, instead, located plots on the basis of either subjective or qualitative assessment (closeness to the core area, no sign of alteration, etc.), also in relation to the small extent of old-growth remnants. Plot sizes and layouts varied greatly; indeed two different approaches were generally used: (i) one or few big plots ($1 ha), or (ii) several relatively small plots (100-400 m 2 ). However the sampling of old-growth spatial heterogeneity was generally ensured by a trade-off between plot size and number.
We also found some discrepancies among structural data collection and reporting protocols in different studies, such as minimum live tree and CWD size thresholds, and LAB estimation methods. Before the analysis, we tested for significance the difference in live tree DBH thresholds between age classes (Kruskall-Wallis: H = 1.655, p = 0.198), since a systematic difference could have biased our results. Live trees and CWD thresholds were reported in Appendix B, Table B1 . The lack of LAB data reported for Europe is noteworthy and is linked to the tradition of focusing on wood volumes more than aboveground biomass. Volume data was available only for 27 European records (Appendix A, Table A1 , Fig. A1 ). For a thorough description of the variables considered in this paper and on the way the other discrepancies were taken into account see Appendix B.
Beside these structural indicators, we recorded also data to be used as site descriptors, such as stand age and environmental variables, namely geographic location (latitude and longitude), altitude, and climate (mean annual temperature and annual precipitation). In particular, stand age in multi-aged forests was assessed in several different ways in the papers included in our review. We reported as age the value given in the original papers. Most authors used the mean age of the overstory trees. In some studies these estimates were derived from partial observations, such as the mean age of the dominant species (Sano, 1997) , or the age of the illegally cut stumps at the periphery of the area (Keeton et al., 2010) or of fallen individuals (Parker et al., 1985) . In other cases (Battles et al., 2002; Pollmann, 2003) we derived age from the most common class of the age histogram. Finally, in 10 stands (Lusk and Smith, 1998; Aiba et al., 2001; Beaudet et al., 2007; Heiri et al., 2009; Král et al., 2010; Sato, 2010) we reported the time since last disturbance given by the authors; however we did not use these data as age in the analysis because they were re-ported only in a small percentage of papers and had a range substantially different from the other age values.
Statistical analysis
Age and structural variables were compared between mature and old-growth stands, globally and across different continents and broad forest types. For each contrast Monte-Carlo simulations were used to test whether the median of each variable was significantly different between age classes: we randomly reassigned each record 4999 times to an age class (mature or old-growth), while maintaining the sample size of each group. The actual difference between medians was considered significant when it was not within the range encompassing the 2.5-97.5 percentiles of the distribution of the permuted differences. When the sample size was not large enough to allow at least 4999 different combinations, we compared the actual difference to the complete distribution of the permuted differences, based on each possible combination of reassignments.
To explore sources of variability within the dataset, nonparametric correlation coefficients (Spearman's q) were calculated for structural variables in relation to site descriptors (latitude, altitude, mean annual temperature and precipitation, stand age), the significance level was set at a = 0.05. All the statistical calculations were performed using R 2.12.0 (R Development Core Team, 2010).
Results
Data distribution across continents, forest types and age classes
North America had the largest number of records (37%), reporting data predominantly from the Midwest (13%), and U.S. Northeast (12%), although a great body of research on late-successional forest dynamics (e.g. disturbance regimes, development processes, etc.) came from the Pacific Northwest region. Europe and South America were well represented (26% and 20% of records respectively). Asia and Australia accounted only for 14% and 3% of the records respectively (Fig. 2) , also in relation to the lower representation of temperate biome in these continents. The literature spanned a wealth of forest types. The majority of the papers investigated deciduous broadleaf (33%), mixed conifer/deciduous broadleaf Fig. 1 . World distribution of temperate forests (dark grey) within the temperate latitudinal zone according to Olson et al. (2001) , and location of stands (triangles) included in the review for which detailed geographic information was available.
(26%), and conifer forests (20%). Less numerous were papers describing evergreen broadleaf forests (12%) and mixed evergreen broadleaf/conifer forests (9%).
Papers on late-successional stands by forest type were unevenly distributed among continents. In Europe and North America three forest types were represented (C, C/DB, DB) with very similar proportion of mixed conifer/deciduous broadleaf and deciduous broadleaf forests, which accounted respectively for 36% and 34% of the records in North America, and 37% and 39% in Europe (Fig. 2) . The most common systems in our dataset were northern hardwood (Acer saccharum, Fagus grandifolia, Tsuga canadensis, Betula sp.) in North-America, and European beech-Norway spruce-silver fir (Fagus sylvatica, Picea abies and Abies alba) in Europe (Table 1) .
At the global level median age values differed significantly between age classes (250 years for old-growth and 125 for mature stands, p < 0.001). When single contrasts were considered all continents displayed significant differences but Australia, for which no sufficient data were available; all forest types but deciduous broadleaf and mixed evergreen broadleaf/conifer forests significantly differed in age values (Fig. 3) . The analysis of age ranges (51-252 years for mature stands and 100-1000 for old-growth) further confirms the great variability in stand development rates across forest types and geographic regions.
Comparison between mature and old-growth forests
The comparison between mature and old-growth stands identified common patterns for most of the structural attributes, but also a certain degree of variability related to management history, dominant species traits, and site characteristics. In the global dataset, old-growth forests showed higher basal area values than mature forests although the difference was not significant neither at the global level (p = 0.207), nor for single forest types. The only significant differences we found were for North and South America (p = 0.028 and 0.007 respectively). An opposite non-significant result was observed in Europe and Australia (Fig. 4; Table 2 ) and in deciduous broadleaf forests globally ( Fig. 5; Table 3 ).
Stem density values recorded globally were slightly lower for old-growth forests when compared to mature stands (Table 2) . This result was consistent across all continents and forest types. The data for LLT showed distinct differences between age classes, with significantly higher densities reported for old-growth (median 72.6 trees ha À1 ) compared to mature stands (16.3 trees ha À1 ; p < 0.001). However, we only had data to contrast LLT for Europe and North America, and for the forest types surveyed in these continents. For North America the difference between the two age classes was significant (p = 0.031), with mature forests having far lower LLT densities (10-20 trees ha À1 ) than old-growth (2.5-199 trees ha À1 , Table 2 ). For Europe, the density of LLT ranged from 36.5 to 122 trees ha À1 in the old-growth stands and from 4.2 to 83 trees ha À1 in mature stands (p = 0.031).
LAB data were available only for few studies (n = 33) and this allowed us to contrast age classes only for a subset of regions, limiting our ability to discern age related trends. At the global level we observed significantly higher LAB in old-growth than in mature stands (medians equal 379.1 and 235.2 Mg ha À1 respectively, p = 0.011, Table 2 ). The only individual contrast giving a significant result was North America, (p = 0.008). This result may have been influenced by the lack of data for mature stands dominated by Sequoia sempervirens and Pseudotsuga menziesii, that are species characterized by very high LAB values, although also excluding these stands the result did not change (not shown).
Our data demonstrated slightly higher QMD values in oldgrowth forests when compared to mature stands in all continents and forest types but this difference was significant only at the global level (p = 0.026).
CWD volumes exhibited consistent age class contrasts for all the continents and forest types. The median value calculated on the global dataset was significantly different, with 67.8 m 3 ha À1 for mature and 151.4 m 3 ha À1 for old-growth stands (p = 0.002). While the difference between median values was high, CWD was highly variable and the range overlapped considerably among age classes (Table 2 ). The only contrasts giving significant results were Europe, (p = 0.002), and conifer forests (p = 0.036). No contrasts were possible for Asia and Australia, and for evergreen broadleaf stands due to scant availability of data on CWD.
Correlation between structural attributes and site characteristics
Many site descriptors showed significant correlations with structural variables at global scale (Table 4 ). With regards to S. Burrascano et al. / Forest Ecology and Management 291 (2013) 458-479 climatic and geographic variables, basal area and stem density were positively correlated with mean annual precipitation and negatively correlated with latitude. CWD displayed a negative association with mean annual temperature, and LLT was positively correlated with precipitation. Among the site descriptors, forest age was positively and significantly correlated with the highest number of structural indicators, including basal area, LLT, LAB and QMD.
Discussion
With some exceptions, old-growth forests show many structural similarities at the global scale.
Contrasts against mature stands hold true across different continents and forest types despite the variability in age ranges used to differentiate between mature and old-growth stands in different regions. Indeed old-growth are characterized globally by significantly higher LLT densities, higher QMD, and greater LAB and CWD volume. We also observed somewhat higher basal areas and lower stem densities in comparison to mature stands, although these differences were not statistically significant due to substantial variability among forest types.
Global commonalities
Our review showed old-growth forests to host significantly higher amounts of biomass than mature forests, stored both in LAB and in CWD pools. Furthermore, the global data showed a significant positive correlation between LAB and stand age. This is consistent with recent models describing carbon dynamics in boreal and temperate forests, supporting the hypothesis of a potential for continued carbon accumulation late into stand development (Keeton et al., 2011) , both in broadleaf and conifer stands (Luyssaert et al., 2008) , often mediated by variation in climate, ecoregion and forest type (Keith et al., 2009; Hudiburg et al., 2009; Stegen et al., 2011) . The analysis of trends in aboveground biomass in late-successional systems is of primary importance because it correlates also with carbon allocation to belowground biomass (Cheng et al., 2007) and to total ecosystem carbon (Houghton, 2005; Hoover et al., 2012 ) that is often difficult to quantify. LAB is the quickest pool to recover after disturbance, and likely a full accounting of all pools, especially C stored in soil, would reveal stronger differences between old-growth and mature forests than comparing LAB alone (Zhou et al., 2006; Rhemtulla et al., 2009) .
Higher LAB and associated carbon storage values in old-growth forests relate to structural attributes typical of this developmental stage. Living biomass reaches very high levels because of: (i) the vertically continuous and multispecies canopy typically associated with old-growth forests (Keith et al., 2009; Wirth et al., 2009) , allowing for efficient allocation of growing space within threedimensions and across trees of different age, size and shade tolerances; and (ii) the possibility of LLT to maintain net positive growth and accumulate biomass for centuries (Xu et al., 2012) . Indeed the literature reports significantly a general trend of higher LLT densities in old-growth when compared to mature forests, and despite variability attributed to species composition, region, disturbance history and site productivity, our results suggest a significant correlation between stand age and LLT at global scale.
Our results at the global scale were consistent with previous studies showing LLT to be a strong predictor of late-successional structure at regional scales (e.g. Whitman and Hagan, 2007) . A minimum LLT density of 30 trees with DBH > 70 cm per hectare was reported for European old-growth forests (Nilsson et al., 2002) . Such a threshold seems too high and not characteristic of old-growth systems at global level; it would exclude several oldgrowth stands in our dataset. Indeed about 90% of the old-growth stands in our dataset contained more than 30 LLT per ha, therefore, we believe a more inclusive minimum density of 30 trees with DBH > 50 cm per hectare may be useful both at global and at European level. LLT density is directly related to CWD recruitment, particularly for the largest size classes, and contributes to the pool of long-lasting deadwood, as deadwood residence time is strongly influenced, together with wood density and decay resistance, by tree size at the time of death (Mackensen et al., 2003; Cornwell et al., 2009 ).
Our review showed significantly higher CWD quantities in oldgrowth than in mature forests and confirmed the importance of CWD as an indicator of old-growth condition (Peterken, 1996; Bobiec, 2002) , at least for those continents for which we had sufficient data. Despite the significant differences between medians at the global level, ranges in CWD widely overlapped across most continents and forest types, probably due to a strong variability among and within systems that may be related to two main factors. First, our results clearly showed a climatic influence, with the warmest regions characterized by the lowest volumes of deadwood. Accordingly, the lowest values for the old-growth stands were recorded in Fig. 3 . Boxplots of the age data distribution for the global dataset and for each continent and forest type. The median, first and third quartiles, and whiskers (corresponding to 1.5 times the inter-quartile distance) are reported. Empty circles represent outliers. Sample size is reported at the bottom of each box. Monte-Carlo two-sided significance levels are at the top (n/a: no test was possible; ns: not significant; Ã 0.05 < p < 0.01; ÃÃ p < 0.01). a mixed oak forest in southern Ohio (48.3 m 3 ha À1 , Goebel and Hix, 1996) ; in Italy (45 m 3 ha À1 , Burrascano et al., 2008; and 65 .2 m 3 ha À1 , Travaglini et al., 2012) ; and in the northern-most Chilean old-growth stands (59.6 m 3 ha À1 , Schlegel and Donoso, 2008) . The correlation we observed between CWD and temperature gradient at the global level are consistent with the results of a global analysis that highlighted mean annual temperature as a main driver of CWD decay rates (Mackensen et al., 2003) . Second, the high degree of variability in CWD is also related to differences in plant traits. Especially wood decomposition rates are species-specific (Zell et al., 2009) , and are far slower in gymnosperms than angiosperms due to a higher C:N ratio, higher lignin and resin content, and fine-scale anatomical traits that slow the spread of fungi (Cornwell et al., 2009) .
Understanding the sources of variability in CWD volume has important consequences for quantifying the carbon stored in deadwood, given that CWD is estimated to contain 3.3 billion tons of carbon in temperate forests globally corresponding to about 7% of total living carbon (Pan et al., 2011) . Focusing on CWD/live wood ratios allows us to eliminate productivity related differences between forest types . CWD/live wood volume ratios in the literature ranges from 13% to 37% in European beech forest reserves (Christensen et al., 2005) , and between 6% and 23% in old-growth broadleaved forests of North America (Peterken, Fig. 4 . Boxplots of the data distribution for the global dataset and for each continent. The median, first and third quartiles, and whiskers (corresponding to 1.5 times the interquartile distance) are reported. Empty circles represent outliers. Sample size is reported at the bottom of each box. Monte-Carlo two-sided significance levels are at the top (n/ a: no test was possible; ns: not significant; Ã 0.05 < p < 0.01; ÃÃ p < 0.01, ÃÃÃ p < 0.001). 1996). The ratios based on our data on CWD and live wood volume in Europe ranged from 6% to 89% in old-growth and from 2% to 9% in mature forests (see Table Al ). Indeed, Europe was the only contrast returning significant differences between CWD volumes in mature and old-growth stands. Very low CWD values in European mature forests may be due to the long history of forest exploitation that probably limited the ability of European studies to find or assess unmanaged mature reference stands (Commarmot et al., 2005; Merino et al., 2007; Burrascano et al., 2008; Motta et al., 2010) . It may relate also to higher amounts of deadwood collected for fuel by local populations in mature forests, which are usually more accessible than old-growth remnants located in reserves or in remote areas and high altitudes.
In conclusion, these results showed ratios for late successional forests to be much higher than the global average of temperate forests, suggesting that the CWD carbon pool is currently understocked in secondary and managed temperate forests, especially in Europe. The CWD pool, though transient, can represent an important net C sink as long as input rates (mortality) equal or exceed outputs (decomposition), and thus should be carefully accounted for in terrestrial carbon models . Management practices aimed at maintaining, or recreating, old-growth forest attributes (Keeton, 2006; Bauhus et al., 2009; Rhemtulla et al., 2009 ) may increase the amount of carbon stocked in temperate forests, both in live biomass and CWD (Keeton, 2006; Bauhus et al., 2009; Rhemtulla et al., 2009) . This is especially relevant given the growing interest in extending mechanisms like REDD (Reduced Emissions from Deforestation and Degradation) to temperate regions, to maintain terrestrial carbon sinks.
Furthermore high CWD volumes and LLT densities in oldgrowth forests, which were evident in our data, also influence the provision of habitat for late-successional biodiversity. CWD is a key ecosystem feature supporting high levels of biodiversity, for instance by providing diverse microhabitats for numerous specialized and saproxylic organisms (Grove, 2002; Odor et al., 2006; Mckenny et al., 2006) . The long-term availability of deadwood may be related to the persistence of many saproxylic organisms (Lassauce et al., 2011) with low dispersal capabilities that may be driven to local or regional extinction in the absence of a temporal continuity in the deadwood substrate, due to intensive management (Siitonen, 2001) . For this reason, besides being a robust indicator of old-growth condition (Whitman and Hagan, 2007) , CWD has become one of the primary indicators of sustainable forest management in Europe (MCPFE, 2003; Lassauce et al., 2011) and a structural indicator in the context of Biodiversity Evaluation Tools (Larsson, 2001) and international certification systems .
Also LLT, besides storing a large amount of carbon, provide habitat functions for a number of threatened or ecologically important temperate forest species, ranging from fungi to lichens, saproxylic beetles, birds and bats (Mikusinski and Angelstam, 1998; Ruffell et al., 2007; Persiani et al., 2010; Hatanaka et al., 2011) . These functions relate to the great variety of microhabitats large trees offer, including rough bark, trunk hollows, exposed deadwood, sapflows, dead branches, and dead tops (Nilsson et al., 2002; Winter and Moller, 2008) .
Sources of variability
Although our review found distinct commonality in old-growth structure, several attributes showed a high degree of variation precluding overly simplistic generalizations at the global scale. Indeed basal area and stem density did not show statistically significant differences between age classes in our dataset, but instead were more strongly related to geographic location, species composition, and climatic influences. QMD on the other hand, showed a signifi- cant difference between age classes only at the global level with slight, non-significant differences in the other contrasts. Variation like this raises interesting questions regarding differences among forest systems, for instance related to environmental controls, disturbance regimes, and management history. Previous researchers have found old-growth to generally have higher basal areas compared to mature forests (Keddy and Drummond, 1996; Gutierrez et al., 2009) . Nevertheless, despite the significant positive correlation between basal area and age, our contrasts highlighted a large amount of variation between forest types and continents: old-growth showed significantly higher values in North and South America and non-significantly lower basal area in Australia and Europe when compared to mature stands. For Australia, very few basal area data were available and the high value reported for mature stands may derive from a single mature site with a relatively high age (252 years) (Smale et al., 1997) . In Europe old-growth showed lower basal area values than mature stands, either depending on the confusion in terminology for late-successional stands, especially pervasive in the European literature, or because the old-growth remnants spared from exploitation are mostly located in remote, unproductive areas at relatively high altitude, where a lower basal area is naturally expected to occur (Nagel et al., 2006; Burrascano et al., 2008; Svoboda and Pouska, 2008; Holeksa et al., 2009) . In some cases, anthropogenic influence may explain the high basal area values observed in European mature stands. Indeed timber production Fig. 5 . Boxplots of data distribution for forest types (C -conifer, DB -deciduous broadleaf, EB -evergreen broadleaf, C/DB -mixed conifer/deciduous broadleaf, EB/C -mixed evergreen broadleaf/conifer). The median, first and third quartiles, and whiskers (corresponding to 1.5 times the inter-quartile distance) are reported. Empty circles represent outliers. Sample size is reported at the bottom of each box. Monte-Carlo two-sided significance levels are at the top (n/a: no test was possible; ns: not significant; management both controls species composition towards more productive species and efficiently allocates growing space, and results in optimized tree production and high stand basal area.
The global variability among continents and forest types in the relationship between basal area and age class, may also relate to differences in the density of shade-tolerant species and productivity-related climatic controls. Indeed in a comprehensive study of old-growth forests on Chiloe island (Chile) the density of shade-tolerant stems was positively correlated with basal area, vertical heterogeneity and age, with high variability in relation to changes in temperature and in distance to coastline (Gutierrez et al., 2009) . At the global scale our results showed precipitation to have a significant positive relation with basal area. We recommend further research on the relationships among these variables to assess the consistency of high basal area as a characteristic of old-growth conditions.
The relative abundance of shade-tolerant and intolerant species, together with differences in gap dynamics and pattern, and the rapidity of the self-thinning process, may also influence variation in stem densities observed among late-successional systems globally. Although stem density was generally lower in old-growth than in mature forests across most forest types, this difference was not statistically significant, nor did we find any significant correlation between stem density and age. This is consistent with the forest development model proposed by Franklin et al. (2002) , wherein tree mortality in late-successional forests becomes increasingly influenced by density-independent factors (Das et al., 2011) , such as natural disturbances, which can be highly variable across regions and forest types (Franklin et al., 1987; Allen et al., 2010) . The death of overstory dominants allows more light to reach the forest floor, encouraging re-establishment of the understory community, depending on previous stand density dynamics. Other causes of variability in stem density from the mature to the old-growth condition may be environmental conditions (e.g. precipitation) together with factors affecting seed germination and establishment, such as availability of seed sources, presence of suitable seed beds, and competition with herbaceous shrubs (Franklin et al., 1987; Donato et al., 2012) .
In the comparative studies included in our review, stem density was generally lower in old-growth stands. Nevertheless, an increase in stem density with age was found in two comparative studies performed in U.S. Northeast forests dominated by T. canadensis and Betula alleghaniensis (Fisk et al., 2002; Keeton et al., 2007. These exceptions may be attributed to dense regeneration of intermediate to shade tolerant species within canopy gaps, at gap edges, or in the suppressed layers.
Variability in stem density was also related to latitudinal and precipitation gradients. Indeed, the stands with the highest stem density, with values up to four times greater than the other forest types, were evergreen broadleaf and mixed conifer/evergreen broadleaf stands that were located at lowest latitudes and displayed the highest precipitation values. Accordingly, at lower latitudes the more vertical sun angles may allow the evolution of vertically complex canopies with emerging large trees, and shade-tolerant trees in both the upper and lower canopy layers and thus very high stem densities (Armesto and Figueroa, 1987; Stephenson et al., 2011) .
The slightly higher QMD values reported for old-growth when compared to mature stands were consistent with the results reported for basal area and stem density. At the global level the general higher basal areas and lower stem densities in the old-growth stands when compared to mature ones result in a significant higher QMD, that is by nature correlated with the variables from which it is derived. However QMD helps elucidate how basal area is distributed across sizes classes, in this case indicating an allocation weighted more heavily towards larger trees in old-growth.
Comparison against structural variability in fire-prone latesuccessional forests
Our review was restricted to moist temperate forest ecosystems and therefore excluded forest types classified as temperate, but characterized by lower growing season precipitation, warmer temperatures and, most significantly, high to moderate frequency ground-fire regimes. These systems share some structural characteristics common in moist temperate old-growth, such as abundant large living and dead trees (Covington et al., 1997; Mitchell et al., 2009 ). However, low to moderate severity fire disturbances result in fundamentally different vertical development, spatial patterning, and CWD accumulation processes (North et al., 2004; Larson and Churchill, 2012) .
For example, fire maintained old-growth Ponderosa pine forests (Pinus ponderosa) historically had low vertical complexity and open canopies, and widely spaced over-stories (Cooper, 1960) . Moderate severity mixed-conifer forests, for example in the Sierra Nevada mountains of California have complex spatial structure (i.e. patchiness) driven by variable burn intensity and associated understory mortality effects (North et al., 2007) . This produces a mosaic of both multi-and single-layered patch structures (Kane et al., 2013) . As another example, variable vertical structure and multiaged demographics in Eucalyptus regnans forests of southeastern Australia have been attributed to fire effects (Lindenmayer et al., 2000) . Clearly an expansion of scope to include all temperate forests, particularly drier systems prone to fire, would substantially increase the range of variability in old-growth structure and development described in this review.
Incomplete data and research needs
Through our literature review we identified gaps in knowledge both in terms of seldom reported relevant structural attributes and of poorly investigated regions. Indeed papers focused on old-growth forests often do not report a comprehensive set of structural attributes, including those deemed particularly useful for understanding old-growth forest dynamics and structure. These include, for example, volume of deadwood components, such as logs and snags, vertical and horizontal heterogeneity indices, gap metrics, and tree species diversity indices (Nilsson et al., 2002; Keith et al., 2009; Wirth et al., 2009) .
Data on these old-growth indicators are often available in studies focused on a single specific attribute (e.g. deadwood, vertical structure, gaps, etc.), that often do not provide a holistic sense of structure or dynamics (Woldendorp et al., 2004; Zenner, 2004; Schliemann and Bockheim, 2011) . We recommend that future studies of old-growth forests provide as wide set of meaningful structural attributes as is possible in order to contribute to a thorough description of these ecosystems.
Through our review we also identified a considerable unevenness of research studies among geographic regions. Old-growth ecosystems in some regions, in particular, seem to be poorly investigated. For instance, though Russian temperate forests are widespread (Silander, 2001) , to the best of our knowledge data on old-growth forests are almost completely lacking in English language peer-reviewed journals. Furthermore, in our search we found no or scarce data concerning old-growth temperate forests in Western Asia (Anatolian, Colchic and Hyrcanic region) and for Central Asia in general (e.g. Altai-Sayan and Himalayan regions). We have no data on the occurrence of old-growth remnants in these regions, however, even if few old-growth forests remain, it is important to identify and study forests that are in the most advanced developmental condition, regardless of the successional status of species, and to use them as long-term monitoring areas. We also observed a scarcity of studies comparing age classes in Asia, Australia, and South America that provide a comprehensive characterization of old-growth forest ecosystems. For example, temperate forests in Australia have been extensively investigated (see, for example, Keith et al., 2009 , and references therein), yet published structural data were difficult to find. Several studies are rather focused on more specific issues, such as spatial structure, explored extensively in Asia for example (Chen and Bradshaw, 1999; Manabe et al., 2000; Hou et al., 2004; Hao et al., 2007) ; regeneration, studied especially in South America (Pollmann and Veblen, 2004; Donoso and Nyland, 2005) ; deadwood (Schlegel and Donoso, 2008) ; and forest response to topographical factors (Bale et al., 1998; Barrera et al., 2000) .
Based on these gaps in knowledge, future research on old-growth systems needs, above all, to integrate analyses of different ecosystem components and processes. For example, interdisciplinary investigations could better relate old-growth forest structural and compositional dynamics to their carbon storage capacity and biodiversity (e.g. Hatanaka et al., 2011) . While a comprehensive body of knowledge is available for some systems, such as P. menziesii forests of Pacific Northwest (Franklin et al., 2002; Field and Kaduk, 2004) and northern hardwood forest in U.S. Northeast (Keeton et al., 2007; D'Amato et al., 2008 D'Amato et al., , 2009 , it is noticeably incomplete for others.
Conclusions
Based on the existing data, our review identified a number of stand structure attributes strongly associated with temperate old-growth forest globally. The published data support a contention that some stand development processes, such as LLT, LAB, and CWD accumulation, have the potential to continue very late into stand development.
Given the commonality in structure among late-successional temperate systems, a consistent set of indicators can be used to describe, map, and understand old-growth globally. However, this set must recognize that structural indicators can be highly dynamic, reflecting varied disturbance processes and successional pathways, as well as climatic and edaphic differences among sites and regions. Consequently, a context-specific analysis, for instance employing a comparative approach involving multiple age classes, is necessary to accommodate the high levels of variability we observed globally.
Management implications
Our review suggests that temperate old-growth forests globally share characteristics associated with a range of important ecosystem services. As a consequence, conservation of the world's remaining oldgrowth forests and, where appropriate, management to restore oldgrowth to landscapes where they are poorly represented, are required to maintain provisioning of these unique services. Management for 'old-growthedness' can be incorporated into a variety of forest management scenarios, both commercial and restorative (Keeton, 2006; Gronewold et al., 2010) . However, to operationalize this objective, forest managers will need quantitative, regional targets for many of the structural attributes identified in this review. Our review highlighted a minimum LLT density threshold of at least 30 trees with DBH > 50 cm per hectare. This threshold should be employed as a minimum target for promotion by disturbance-based or 'close-to-nature' silviculture in managed forests. It would not be appropriate as a fixed level to be maintained in stands already displaying old-growth structural attributes, and therefore capable of recruiting higher LLT densities. Crown release is an example of a silvicultural technique that can be used to increase large tree densities (Singer and Lorimer, 1997) .
Another key attribute of old-growth forests, both in terms of long-residence carbon accumulation and habitat provisioning, is the amount of CWD. The latter could be increased through silvicultural techniques, such as girdling of selected medium to large sized, low vigor trees, felling or pulling over and leaving some dead or dying trees, where microhabitat requirements related to LLT are already met. These techniques can be employed to varying degrees and in different combinations depending on stand conditions and management objectives. This approach would allow forest managers to build some degree of old-growth associated structure into actively managed stands, while maintaining timber management flexibility (Choi et al., 2007) .
Our results contribute to a growing understanding of oldgrowth temperate forests structure across continents and systems. This is critical to enhance forestry practices that maintain both biodiversity associated with structural complexity (e.g. management for microhabitats), and overall favorable conditions for increasing carbon stocks in forest pools, such as large living trees, CWD and soils. Our results will also help inform discussions of the importance of conserving forests with large carbon stocks and providing late-successional habitats.
